Abstract Promising strategies are being developed to replace or regenerate the herniated nucleus pulposus. However, clinical efficacy of these methods has still to be addressed, and the lack of appropriate annulus closure techniques is increasingly being recognised as a major limiting factor. In the current study, in vitro and in vivo evaluation of novel annulus closure devices (ACDs) was performed. These devices are intended to be used in adjunct to nucleus replacement therapies in an experimental goat study. After a standardised discectomy had been performed, different ACDs were implanted solely or in addition to a collagen nucleus replacement implant. Biomechanical effects and axial failure load were assessed in vitro and followed by in vivo evaluation in a goat model. On axial compression, the average axial failure load for ACDs with four barb rings was significantly higher compared to the implants with five barb rings. The increased range of flexion-extension and latero-flexion observed after discectomy were restored to the normal range after implantation of the implants. Positive findings with the four-ring ACD were confirmed in goats after a follow-up of 2 weeks in vivo. However, after 6 weeks most implants (n = 16) showed signs of destruction and displacement. Although there seemed to be a tendency towards better results when ACDs were placed in addition to the nucleus replacements, these differences were not statistically significant. Moreover, two endplate reactions extending into the subchondral bone were observed, most likely due to continuous friction between the ACD and the vertebrae. Although current results are encouraging first steps towards the development of an efficient ACD for animal models, further optimisation is necessary. Current results also show that one cannot rely on in vitro biomechanical studies with annulus closure techniques, and these should always be confirmed in vivo in a large animal model.
Introduction
The lack of sufficient strategies to deal with the damaged annulus fibrosus (AF) may currently be recognised as one of the major limiting factors for successful intervertebral disc engineering after herniation [7, 8, 10, 11, 26] . During the last decade, increasing knowledge and technical advancements in the field of tissue engineering have resulted in numerous promising strategies to replace or regenerate the nucleus pulposus (NP) [11, 19] . None of these advancements, however, has yet resulted in a clinically proven effective therapy [12, 24] . Since optimal regeneration of the NP should result in a restoration of the physiological high intradiscal pressure, the surrounding AF is generally of too inferior quality to withstand these forces [15] . In patients treated for disc herniation, there is often a loss of annulus tissue, restricting the potential of sutures and glues [1, 12] . These materials have limited strength, and the annulus usually has to be closed under tension. Tissue engineering strategies of the AF that deal with the 'gap' due to loss of AF tissue are currently being developed. However, the attempts are mainly directed towards the engineering of native AF tissue, especially in the long term, instead of providing instant mechanical strength after surgery [5] . These AF tissue engineering attempts are therefore not ready to be used in adjunct nucleus replacement strategies.
In the current study, we investigate experimental ACDs, designed to be used in adjunct to nucleus replacement therapies in a goat model. These devices are primarily intended to enable the study of nucleus replacement therapies in animal models. However, the findings may also reveal valuable information for the development of human annulus closure devices. The purpose of the implants is to provide immediate mechanical support without affecting the nucleus replacement therapy or spinal biomechanics. Biomechanical and in vivo evaluation of the ACDs were performed in a goat model, both solely and in addition to a collagen nucleus replacement matrix that has been described earlier [12, 24] .
Materials and methods

Nucleus replacement model
A standardised discectomy procedure was developed, intended to allow the evaluation of novel nucleus replacement therapies in vivo. The procedure was designed for, and performed on mature Dutch female goat intervertebral discs. Initially, the NP is evacuated with custom-made instruments (Fig. 1a) . These instruments consist of tubes with increasing diameter, which are used to make an entry site laterally into the AF. Via the largest tube, with an outer diameter of 3 mm, instruments are inserted to evacuate the NP. The discectomy was always performed as complete as possible without damaging the AF or the endplates, and the result was judged by the surgeon before continuation. After evacuation, the disc space is filled with a dense collagen implant (NuRes, Arthro Kinetics AG, Esslingen, Germany) that has been described previously [6] . Shortly, collagen gel is polymerised after which the density is increased by plastic compression. The chosen density was 25% w/w of collagen, which has a stiffness comparable to the native NP. For this study, the collagen matrix was prepared in a 'snake'-like shape (diameter 2.5 mm, length 30 mm, volume *0.6 cm 3 ), allowing implantation via the tubes (Fig. 1b) . After insertion of the collagen implant, the annulus defect was closed with one of the four different versions of a polyethylene closure device described below.
Annulus closure devices (ACDs)
We first performed extensive preliminary testing, using the same set up for axial compression as described below (see ''Biomechanical evaluation''). These pilot experiments (data not shown) were intended to determine the optimal shape and dimensions of the annulus closure devices (Fig. 2a) . All devices were intended to close a standardised 3-mm circular defect in the AF of the goat intervertebral disc, as described above. Four devices were further evaluated in the current study (Fig. 2b ) since they were found to withstand axial compression forces over 1,000 N. These four ACDs were composed of polyethylene and consisted Fig. 1 Image of the instruments (a) used for evacuation of the nucleus pulposus containing rongeurs, tubes, a guide wire (for penetration of the annulus fibrosus) and a 'spoon'-like instrument. The largest tube has an outer diameter of 3 mm and an inner diameter of 2.5 mm, through which the other instruments and collagen implant can be introduced. b The collagen implant and the end of the insertion tube of a core (diameter 1.3 or 1.5 mm) with four or five barb rings that have a maximum diameter of 3.5 mm (Fig. 2b) . The ACDs were introduced into the AF till all barb rings were inside the defect. The back end of ACDs was used to hold the implants during implantation, and this was cut after implantation (Fig. 2c) .
Intradiscal pressure calibration measurements
In order to determine the relation between the applied load and the pressure inside the goat intervertebral disc, we first performed pressure measurements. This information is essential to be sure whether the resulting pressures of the applied loads in the current study are comparable to the intradiscal pressures known from studies in vivo. For these calibration experiments, the lumbar spine (L1-L6) of a goat, derived from a local abattoir, was meticulously cleaned of soft tissues. The posterior elements were left intact. The spine was separated into three separate motion segments by incision of the discs between L2-L3 and L4-L5. The ends of the vertebrae were embedded in a low melting point bismuth alloy, and the motion segments were placed in upright position in the biomechanical testing apparatus (Instron, Norwood, MA, USA). First, a pressure needle was inserted anteriorly into the core of each disc. Next, a load was applied increasing with 50 N/s to a maximum of 1,000 N or a maximum of 3 MPa as measured by the needle, whatever came first (higher pressures would result in irreversible needle damage). Both the values for load and pressure were documented. The measurements were repeated two times with the needle inserted via both lateral sides of the discs.
Biomechanical evaluation
Biomechanical experiments were performed prior to the in vivo study on spinal segments, derived from the local abattoir. Using the same set up as described with the pressure experiments, the axial failure loads of different ACDs were tested using the standardised nucleus replacement model. After the implants were inserted, an axial compression load was applied to a maximum of 5,000 N. The experiments were ended when failure, considered as the leakage of the collagen implant or extrusion of closure devices, was observed. Each ACD was tested on three different motion segments (L1-L2, L3-L4 and L5-L6). For every experiment a freshly dissected spinal segment was used.
In addition to the failure experiments, the effects of the implants on the biomechanical behaviour of the motion segments were investigated. These experiments were mainly performed to exclude the undesired effects on the range of latero-flexion or flexion-extension due to the ACDs and to assess the possibility of the implants to restore the effects after discectomy. After fixation in bismuth, 12 motions segments (four of each different level) were multidirectionally tested using a four-point flexion-extension set up and the instron 8872 testing machine (Instron Corp., Norwood, MA, USA). The motion segments were submitted to four cycles of flexion-extension and latero-flexion under a maximum moment of 2 Nm at a speed of 1°/s. Specimens were tested before discectomy (native), after discectomy and with both implants (nucleus implant and the four rings 1.5 mm ACD) inside. During all experiments, the segments were kept moisturised by wrapping with surgical gauze drowned in 0.9% saline. Force-deformation data acquisition was performed for each direction through materials testing software (Fast Track 2, Instron Corp., Norwood, MA, USA). The range of motion-data of the third cycle of the tests was used for further calculation. The mean changes in the range of motion after discectomy and implantation of both implants were calculated as ratios compared to native values (treatment over control).
In vivo evaluation
Surgical procedure and animal care were performed in compliance with the regulations of the Dutch legislation for animal research, and the Animal Ethics Committee of the VU University Medical Center approved the protocol. Ten goats were sedated with 10 mg/kg ketamine and 1.5 mg atropine intramuscularly, followed by 0.4 mg/kg etomidate intravenously. General anaesthesia was maintained with 4 lg/kg fentanyl per hour, 0.3 mg/kg midazolam per hour and 1.5-2.5% isoflurane. Before surgery, standardised lateral thoracolumbar roentgenograms were obtained. A dorsal paravertebral incision was made. The IVDs were identified using a left retroperitoneal approach and exposed after mobilisation of the psoas muscle. Level determination was performed by identification of the lowest rib. Two discectomies, as described above, were randomly performed over the levels T13-L1, L2-L3 or L4-L5. At one of these levels, the collagen nucleus implant was inserted after evacuation of the NP, followed by closure of the annulus defect with the ACD (sterilised by c-irradiation).
At the other level the plug was inserted solely. Two variants of the ACDs were used in the 6-week follow-up group: four goats received implants with a core diameter of 1.3 mm, the remainder with a core diameter of 1.5 mm. The number (four) and diameter (3.5 mm) of the barb rings was the same for all implants.
Two of the goats were terminated by an overdose pentobarbital after 2 weeks and the remaining eight goats after 6 weeks. The latter group returned to their habitual environment from 1 week postoperative until 1 week prior to the autopsy. Evaluation was similar for all goats. After termination, the lumbar spines of the goats were harvested, and magnetic resonance imaging (MRI) of the explants was performed within 2 h. Hereafter, all soft tissue was removed, and careful macroscopic inspection was performed. Finally, a band saw was used to obtain transversal slices of the discs for macroscopic inspection. Both, macroscopic examination and MR Imaging were used to determine the position of the ACDs. The position was classified as ''in situ'', partially displaced (maximum of two barb rings outside the AF), or fully displaced (at least two barb rings outside the AF).
Statistics
To calculate differences between different implant groups, the Student T test was used.
Results
Pressure calibration measurements
The relation between the applied load and the pressure inside the three discs is shown in Fig. 3 . A load of 600 N corresponds with an intradiscal pressure of 3 MPa. No effect was observed by changing the place of needle insertion from anterior to lateral, indicating that hydrostatic pressure was present within the entire NP.
Biomechanical evaluation
All four annulus closure devices showed a mean axial load of at least 1,000 N (Fig. 4) , which equals a pressure of Fig. 3 Relation between the applied axial load and pressure measured inside the discs. Each bar represents the mean of three measurements: insertion of the needle via anterior or from both lateral sides approximately 5 MPa (as deducted from the results of the pressure experiments). The ACDs with four barb rings performed much better than the devices with five barb rings (Fig. 4) . There was no difference in failure loads between devices with a 1.3 or 1.5 core diameter (data not shown). However, application of the devices with a 1.3-mm core was sometimes difficult since the implants easily buckled during implantation.
The results from the flexion-extension and latero-flexion experiments are shown in Fig. 5 . The bars represent the mean changes with respect to the native values (ratio). The range of both latero-flexion and flexion-extension significantly increased after the discectomy. The increase was much higher for flexion-extension (59%) compared to latero-flexion (17%). After implantation of the ACDs and nucleus implants, the range of motion was restored to normal values both for flexion-extension and lateroflexion.
Based on these results, revealing a sufficient high axial failure load and a lack of undesired effects of the ACD on the range of motion, continuation towards animal experiments was judged feasible, and they were thus performed.
In vivo experiments
All goats recovered well from surgery and no per-or postoperative complications were observed. Two weeks after implantation of the ACDs (all have four barb rings, 1.5-mm core diameter), no displacement of the annulus closure devices in either animal with or without the nucleus replacement was observed. This was deduced from MR images and confirmed by macroscopic examination (Fig. 6 ). Based on these results, a study with longer followup was initiated. The results after 6-week follow-up were not as successful as shown in Table 1 . Only two of the closure devices remained in situ, both in the NP replacement group (Fig. 7) . Seven of the closure devices were partially displaced (less than two barb rings) and seven were fully displaced. There are no statistical differences between the groups although there is a tendency towards better results when the closure devices are combined with the collagen implants. All ACDs revealed signs of severe plastic deformation, especially of the barb rings. This is also the case for both closure devices that remained in situ (Fig. 7) . Two endplate reactions were observed, irrespective whether NP replacement was performed (Fig. 8) . MRI proved to be especially valuable to determine the position of fully displaced ACDs and to observe the extent of the endplate reactions. Careful examination of the MR images confirmed that the ACDs are located in the centre of the reaction in both cases (Fig. 9 ).
Discussion
The need for annulus closure methods in addition to nucleus replacement strategies is increasingly being recognised [3-5, 13, 20] . Wilke et al. [24] showed that a collagen scaffold allows restoration of disc height and stability after herniation in vitro. However, the absence of an appropriate annulus closure technique limits the potential and applicability in vivo. These authors also showed that glues, sutures or a combination of both are insufficient to provide sufficient containment of a collagen scaffold [12] . This agrees with the findings in scientific literature, in which an appropriate closure method has never been documented thus far [1, 4] . In the current study, we found excellent results with experimental ACDs in vitro and after 2-week follow-up in vivo. However, after 6 weeks, the The motion segments were tested native, after discectomy and after implantation of the implants. The values after discectomy and with the implants are shown as fractions change compared to the native values. After discectomy, a significant increase (p \ 0.05) in both values was observed. After implantation of the nucleus and annulus implants, no significant changes compared to native values were observed. Importantly, the ACD does not significantly reduce latero-flexion majority of the implants showed signs of migration and deformation. Since the barb rings should gain adhesion into the layers of the annulus, it is not surprising that their destruction results in implant extrusion. The ACDs in the goats after 2-week follow-up showed only mild signs of damage. During these 2 weeks the goats stayed in the shed of the university animal facilities and are recovering from the surgeries. In this period, the animals might behave more quiescent than they usually do. Between the second and sixth week after the surgeries, the goats are fully recovered. The animals return to the farm and regain their usual activities. This may result in increasing forces on the implants, and when the damage to the barb rings accumulates to a certain level, the implants start to displace. 6 Macroscopic images of two intervertebral discs treated with the annulus closure system after 2-week follow-up. a A disc treated with the addition of a collagen nucleus replacement, b a disc treated with the ACD solely. The arrows show the ends of the implants. The remnants of NP tissue are very much swollen by the water used to cool the sawing blade. Due to the sawing, the collagen implant has also been washed out, and is therefore not visible in a In situ refers to the absence of any displacement compared the implanted position. ''Partial displaced'' refers the displacement with a maximum of two barb rings outside the annulus fibrosus, whether ''displaced'' refers to a displacement of at least two wings outside the IVD ACD 1 annulus closure device with 1.5 mm core, ACD 2 annulus closure device with 1.3 mm core a One endplate reaction was observed in the concerning group Fig. 7 Image of one of the implants that was still in situ after 6-week follow-up. There are clear signs of destruction visible at the barb rings of the implant (arrows) Fig. 8 MRI and macroscopic images of the two levels in which endplate reaction were encountered. Images a and b are of a level that was treated with an annulus closure system solely, and the reaction is mainly located at a single endplate. Images c and d are of a level treated with the closure system combined with the collage nucleus replacement implant. The reaction in this goat is located at both endplates and extends into the subchondral space
The former agrees with the finding that those implants that were fully extruded were also the most damaged ones. The damage should have occurred prior to the moment of extrusion since the implants are located in the soft tissue directly adjacent to the disc, where no direct mechanical stresses are encountered. Two of the implants even provoked a severe osteolytic reaction extending through the endplates into the subchondral bone. This reaction was observed in both groups, with and without a collagen implant, and it seems therefore not likely that the reaction was caused by the latter. Most probably the reactions are the result of the friction described above, which has resulted in pressure necrosis of the endplates. Another option, however less likely, may be that the endplates were damaged during surgery, and that leakage of nucleus material into the subchondral bone provoked the reaction. The potential for nucleus material, which normally does not encounter immune reactive cells due to the absent vascularisation in the disc space, to initiate such a reaction has been hypothesised earlier [2] .
To prevent failure and endplate reactions, the design, dimensions and stiffness of the closing devices can be altered. Current devices were fabricated from polyethylene, which was used for its known biocompatibility. Polyethylene, however, is a rather stiff material, and friction between the barb rings and endplates might therefore have resulted in the observed reaction [18] . Taking a less stiff material would have decreased the risk, but might probably result in lower mechanical expulsion strength. The shape of the implants, especially of the barb rings, deserves attention in further optimisation of the closure devices. We performed several pilot experiments with different designed devices, but the current shape showed the highest resistance to forces. We do not know, however, why implants with four barb rings performed so much better than implants with five barb rings. The dimensions of the closure devices can also be adjusted. Intradiscal pressure results in forces on the implants that are dependent of diameter and length. We always made a standardised circular defect of 3 mm in the annulus, and the diameter of the barb rings of the implants was 3.5 mm. The ring diameter was chosen to promote adherence between the annulus layers. A larger diameter would have increased this adherence, but would also have resulted in larger expulsion forces from the pressurised NP and subsequent failure at lower axial compression forces. The expulsion forces on the ACD depend on its cross-sectional diameter, whereas the friction forces only depend on the circumference. In addition, regarding the disc height of the goat (4-5 mm), a larger diameter could also result in continuous contact between the implant and both endplates, increasing the risk of adverse reactions and ring damage.
Although current biomechanical study results did not show a significant effect on latero-flexion, a tendency towards some small restriction could already be observed. Decreasing the diameter of both the defect and barb rings might therefore have been preferred from a mechanical viewpoint and from the aim to reduce contact with the endplate. Unfortunately, this was currently not possible regarding the diameter of the nucleus implants. The length of the ACDs was maximal 15 mm (between front of the first and the back of the last barb ring), and this length was chosen since it always covers the whole lateral annulus. For some goats, however, a smaller length would have been sufficient, but this can only be judged afterwards at macroscopic evaluation. If current closure systems would have passed the animal experiments, a decrease of the lengths to allow more space for the nucleus replacements could have been evaluated. The main goal of the biomechanical experiments was to predict failures of the ACDs. We did not study torsion since the forces would be mainly distributed through the facet joints with only a marginal increase of the intradiscal pressure [21] .
We found an axial load of 600 N to correspond to an intradiscal pressure of approximately 3 MPa. The applied load will be partially distributed through the annulus parts of the discs and/or posterior elements. We performed these experiments to allow comparison of the forces known from pressure measurements in vivo. A few studies have been performed measuring the pressure inside the human intervertebral disc in vivo [16, 17] . Wilke et al. [25] found a maximum intradiscal pressure of 2.3 MPa during the lifting of 20 kg combined with flexion-extension forward. From our own in vivo measurements in goats we know that the axial load can rise up to 900 N [9] . According to current pressure measurements, this would correspond to a Fig. 9 MRI image that shows that the annulus closure system is located in the centre of the endplate reaction (arrow), suggesting a causative role pressure over 4 MPa. Thus, the peak pressure inside the goat intervertebral disc seems to be higher than the peak pressure inside the human disc. This finding agrees with the fact that the bone density of the vertebra of goats is higher compared to humans, indicating higher stresses in vivo [23] . The differences might be explained by the fact that the forces on the goat spine are generated by muscles and ligaments surrounding the continuously bended spine. In the bipedal situation of humans, these compressive forces are lower and more dependent on activity and posture [14] . Furthermore, we used motion segments derived from young goats (age 4 years), and the osmotic pressure might therefore be higher compared to the adult human disc [22] . The goat model was used, since prior studies have shown that the absolute spinal forces in this animal are still comparable to that of humans [12, 23] . The mean value of axial load of 4,000 N, which we found that the current annulus closure system could withstand, provides a sufficient safety range.
A limitation of the current study is that we only performed maximum axial failure load testing prior to implantation and no duration testing. Given the short-term in vivo results, however, this would not have forecasted the failures. The number and multi-directionality of biomechanical test loadings that should be applied to match to the goat spines during 6 weeks in vivo will not easily be obtained in vitro. Current ACDs are intended to allow evaluation of novel nucleus replacement therapies in animal models, and the results cannot easily be extrapolated to closure techniques of the AF in patients with disc herniation undergoing a discectomy. Current discectomy procedure was performed in a very standardised manner in healthy discs with fixed location and size in the lateral AF. This is in contrast to the human situation after a discectomy, where a very variable amount of the AF is damaged at the thin posterolateral part of the AF. For human AF closure, which should ultimately accompany a potential successful NP replacement, other closure techniques should be developed [5] .
In conclusion, the current study found encouraging results with a novel annulus closure system in vitro and after 2 weeks in vivo. After 6-week follow-up, however, most implants revealed signs of severe plastic deformation and subsequent displacement. Although there was a tendency towards better results when combined with a nucleus replacement, these differences were not statistically significant. Further research on annulus closure devices, in order to allow the in vivo evaluation of nucleus replacement therapies, is therefore indicated. Current results also illustrate the importance of in vivo confirmation of results obtained by biomechanical experiments, especially in the field of annulus closure techniques.
